Recently' we advanced evidence that fulmaric acid synthesis from ethanol in strain No The main findings were: Specific activity of the fumaric acid methine groups was exactly equal to that of the ethanol methyl groups; one mole of fumaric acid formed from methyl C14-labeled ethanol contained more than the total radioactivity of the two moles of substrate ethanol; the carboxyl groups of fumarate contained all the radioactivity in excess of that in the two moles of ethanol utilized in the synthesis; some of the substrate ethanol was oxidized to CO2 and, therefore, contained substantial radioactivity which accumulated in the closed system.
A mole of fumaric acid formed from carbinol C'4-labeled ethanol contained less radioactivity than the two moles of substrate ethanol; there was no radioactivity in the methine groups of the fumaric acid; the carboxyls contained all the radioactivity; radioactive CO2 was generated by complete oxidation of a portion of the substrate alcohol, and it accumulated in the dosed system.
The foregoing was interpreted to mean that the fumaric acid produced at anv. instant from methyl-labeled ethanol would have zero radioactivity in the carboxyl groups. However, this fumaric acid is in metabolic equilibrium with malic and oxalacetic acids which are known to undergo reversible enzymatic decarboxylation by specific enzymes present in this organism.2-5 Respiratory carbon dioxide liberated by decarboxylation of the initially unlabeled carboxyl groups mixes with radioactive carbon dioxide in the vessel atmosphere so that during the reversible decarboxylation, the C4 acid now acquires radioactivity in the carboxyls.
The carboxyl groups of the fumaric acid formed at any instant from carbinol-labeled ethanol would contain radioactivity equal to the carbinol group of the ethanol. However, the carbon dioxide in the atmosphere here originates from both carbons in the ethanol, and also from endogenous respiration of the mold, hence has a specific radioactivity much less than the carboxyls of the newly formed fumarate molecules. Consequently, during reversible decarboxylation the carboxyls become diluted with carbon dioxide of lower specific radioactivity, thereby accounting for the presence of less radioactivity in the fumarate than was contained in the two alcohol molecules generating it. That nonradioactive carboxylic acids can acquire radioactivity in the carboxyl groups from labeled radioactive carbon dioxide during the action of the corresponding decarboxylases has been convincingly demonstrated in the instances of oxalacetic acid and aketoglutaric acid.4 ' 6 A great many experiments on intermediary respiratory metabolism in which the carbon from labeled carbon dioxide was found in carboxylic acids have been interpreted6-"1 on the assumption that carbon dioxide fixation (Wood-Werkman reaction) actually provides a mode of net synthesis of the acids (over-all gain in amount of C4 acids). Fumaric acid synthesized by R. nigricans from inactive ethanol in the presence of C1402 contains C14 in the carboxyl groups,' a finding seemingly in harmony with the numerous above-mentioned experiments of this type which have been interpreted as a net synthesis utilizing carbon dioxide. However, our previous experiments with labeled ethanol make it reasonably certain that the fumarate originated by a mechanism independent of carbon dioxide fixation. In consequence of the universal character of reversibility of enzyme action, the C'402-inactive ethanol experiment would seem to represent metabolic exchange between carboxyl and respiratory carbon dioxide and thus support our interpretations relative to the distinctive changes observed in the carboxyls of fumaric acid produced from labeled ethanol.
Although, as discussed below, a different mechanism could account for some of the observed results, the possible broader significance for tracer studies implied by the discovery of this carbon dioxide metabolic exchange with preformed C4 acids makes additional study of the problem desirable.
Methods.-General methods and materials were precisely as described previously' except that the experimental vessels were 400-ml. beakers instead of 250-ml. Erlenmeyer flasks in order to facilitate physical gas exchange.
Experiments.-Carbon dioxide being a reactant in the system, C4 acid decarboxylase C3 acid + C02, its partial pressure would be expected to influence the carboxyl labeling, and these experiments center on this point. In our previous experiments the respiratory carbon dioxide was allowed to accumulate in the closed vessels (10-liter desiccators) for the duration of the experiment; this reservoir of (radioactive) carbon dioxide was assumed to be that utilized in the exchange reactions. Starting with normal air atmosphere and 25 ml. of 2% methyl-labeled ethanol, the carbon dioxide concentration in the gas phase reached 1 to 1.5% in 4 to 5 days under these conditions. In this work a similar normal air treatment was set up as the reference point. Three other methyl-labeled ethanol treatments using portions of the same batch and amount of mycelium were run at the same time. They were identical in every respect except for differences in carbon dioxide tensions. In treatment (2) the NaOH (30 ml. 6 N) was contained in a 50-il. beaker suspended rigidly inside the 400-ml.' beaker holding the culture and just above the surface of the culture liquid. The object here was to insure immediate absorption of CO2 produced as close as possible to the surface of the liquid. Fluted filter paper in the alkali beaker increased the absorptive surface. The alkali beaker was fixed in position by fusing it to the larger beaker with thin glass rods. Treatment (3) was designed to increase the rate of exchange between carbon dioxide and carboxyl as a result of increased tension of carbon dioxide (5%). An additional quantitative check on entrance of extracellular carbon dioxide into carboxyl groups was obtained by adding C"02 to the gas phase. A carbon dioxide concentration of 5% also minimizes concentration changes due to evolution of respiratory carbon dioxide, which otherwise would complicate the quantitative aspects of Cu302 utilization. The carbon dioxide content of the gas phase was considered to have remained constant in this experiment (less than 20% increase). Another purpose of treatment (3) was to have the C1402 of respiration substantially diluted with the 5% nonradioactive carbon dioxide present in the atmosphere, resulting in a lowered specific radioactivity of the extracellular carbon dioxide available for exchange with the carboxyls of the C4 dicarboxylic acids. Theoretically, this would reduce appreciably the specific activity of the carboxyls as compared to treatment (1) . VOL. 36, 1950 Treatment (4) with a 15% carbon dioxide atmosphere was designed to obtain the maximum dilution of radioactive respiratory carbon dioxide, thereby achieving the lowest possible radioactivity in the carboxyls. Preliminary experiments indicated fumaric acid formation from ethanol is completely inhibited when the carbon dioxide tension exceeds 25% and about one-half normal yields are obtained in 15% carbon dioxide. Consequently, treatment (4) was set up in duplicate desiccators to obtain sufficient fumaric acid for isolation and degradation.
The desiccators containing the beakers fixed in position were shaken on a machine at 280 C. for Crystalline fumaric acid was recovered from treatments (3) and (4) essentially by the procedure described previously;' yields were 39 and 18 mg., respectively. The fumaric acid in treatments (1) and (2) was obtained by continuous ether extraction. The fumaric acid was dissolved in water after evaporation of the ether; titrimetric estimation of the fumaric acid was made on these aqueous solutions. Other acids are not present in amounts exceeding 1% of the fumaric acid. These two solutions and the two crystalline fumaric acid preparations were then examined for specific radioactivity of the carboxyl groups as the criterion of metabolic exchange of carbon dioxide with carboxyls.
The following procedure was developed for the advantage it has of being specific for carboxyl groups of fumaric acid (and acids convertible to fumaric acid, especially succinic acid). Approximately 0.33 mM. fumaric acid in 40--ml. M/10 phosphate buffer at pH 7.4 was treated with 10 g. of enzyme solids of a fumarase preparation from beef heart. This preparation is identical with the succinoxidase preparation ordinarily used for manometric estimation of succinic acid.'2 During shaking at 370 C. for 1 hour, the bulk of the fumarate is converted to l-malic~acid. In a test run in which residual fumaric acid was determined by hydrogenation in the presence of palladium, the final equilibrium mixture contained fumarate and malate in the ratio of 1 to 4.7. The suspension of enzyme solids was centrifuged, the cloudy supernatant acidified with H2S04 to -pH 1 and the organic acids extracted with ether for 3 days in a Kutscher-Steudel apparatus. After evaporation of the ether, the acids were taken up in water and adjusted to pH 5.5. A blank consisting of enzyme acting on buffer alone was carried along exactly as the test run.
The malic acid was then decarboxylated by a suspension of Lactobacillus casei yielding lactic acid and carbon dioxide quantitatively."3 Starting with known amounts of l-malate, we have confirmed the stoichiometry of this decarboxylation, and have demonstrated its specificity particularly with respect to related acids potentially present as impurities in biochemical work of this kind. Under the same conditions that one mole of carbon dioxide is liberated from malate, the bacteria were completely inert against fumarate, citrate, succinate and a-ketoglutarate, singly and in combination.
Cells from 200 ml. of malate medium (glucose 1%, l-malate 0.25%, yeast extract 0.1%, phosphate buffer pH 6.6, 0.5%) were centrifuged after 40 hours' incubation at 280 C., washed twice in M/10 phosphate buffer at pH 5.5 and suspended in 3 ml. of the same phosphate buffer. This thick suspension was placed in one side arm of a large (160-ml.) Warburg vessel and 1.0 ml. of 10 N H2S04 in the second side arm. The solution containing malic acid at pH 5.5 (-40 ml.) was in the main chamber. After temperature equilibration, the bacteria and the malate solution were mixed; carbon dioxide evolution is virtually complete in about 1 hour, after which bound C02 is liberated by the H2S04. Later it was found that the decarboxylation is fully effective at pH 4, obviating the need for the acid dump. In the test run cited above, where malate was generated from fumarate by fumarase, recovery of C4 acids was 100%. Fumaric acid taken = 0.40 mM.; fumaric acid left, determined by hydrogenation = 0.07 mM.; malic acid, by difference = 0.33 mM.; malic acid determined by bacterial decarboxylation = 0.33 mM.
The ether extraction is an essential step in this determination. The cloudy supernatant from the fumarase treatment retains considerable amounts of apoenzymes of oxidation systems and these are activated by coenzymes leaching from the bacterial cells; complete oxidation of the residual fumarate to carbon dioxide follows, yielding fallacious results. Curiously, malate itself is not oxidized under these conditions notwithstanding the fact that fumarate oxidation might be expected to proceed via ma-late. Carbon dioxide from a bacterial blank on buffer alone generally is a negligible proportion of the test runs.
The carbon dioxide from malate decarboxylation is collected in an evacuated 500-ml. bulb containing C02-free alkali. The bulb is attached to one venting plug of the Warburg vessel, which is flushed by carbon dioxide-free air down through the vessel from the other venting plug. The carbon dioxide is then precipitated as BaCO3, digested on a waterbath, filtered onto tared porcelain counting disks, dried, weighed and taken for radioactivity measurements. This procedure recovers, as BaCO3, in excess of 95% of the manometrically determined CO2. All radioactivity results are expressed as specific activity (counts/sec./mg. BaCO3). After radioactivity measurements, the C" in the BaCO3 from treatment (3) was analyzed in a mass spectrometer.
Results.-Because of the limited amounts of fumaric acid obtained in each of the four treatments, specific activity measurements on an aliquot of each fumarate were not attempted. Also, they are unnecessary for this work in which the specific activity of only the carboxyl groups is of importance. However, we have repeatedly shown that mixing of methine and carboxyl groups of fumaric acid (produced from methyl and carbinol of ethanol) does not occur (see below) and that the specific activity of the methine -group is precisely that of the methyl group of the starting ethanol, and two times that of the ethanol itself. This nonmixing is all-important, for, as shown below, it means that carbinol-C cannot become methine-C (2) oxidative conversions of ethanol methyl-C to fumarate carboxyl-C. Rather convincing evidence for a mechanism of this type operating over and above carbon dioxide exchange is provided by the specific activities of the carboxyls in treatments (1) and (2), and the specific activity of the respiratory carbon dioxide in treatment (1), which was determined as 0.85. Thus, if all the carboxyls in treatment (1) had exchanged with carbon dioxide to the extent that they acquired the specific activity of the gas they would still fall short of the observed carboxyl value of 1.06. Thus, a second mechanism independent of carbon dioxide-carboxyl exchange is indicated. The fact that ethanol methyl-C is converted to fumarate carboxyl-C connotes an oxidation, and the assumption that a tricarboxylic acid respiratory cycle takes place in these cells would fit the observed facts. This cycle would, however, differ from the conventional cycle in the respect that the C4 which condenses with C2 to generate C6 arises by 2C2 condensation instead of by the generally supposed Wood-Werkman It can be seen from the above scheme that after the first cycle, the original methyl-labeled C2 becomes labeled in both carbons. This C2 labeled in both carbons mixes with more substrate methyl-labeled C2. The C4 acids now resulting from a 2C2 condensation reaction would be labeled in a manner that matches the experimentally observed labeling in two critical respects, namely, (a) the inside carbons (methine-C of fumaric acid) always show the same specific activity as the methyl groups of the starting C2 moiety regardless of the number of cycles made; and (b) the specific activity of the carboxyl groups can never attain the specific activity of the methine groups so long as substrate ethanol is present. During the relatively long (4 days) duration of the incubation period in this experiment it is probable that the accumulated fumaric acid at any one time represents the differential between the rates of formation and of oxidation of fumarate, both occurring concomitantly.
It is to be emphasized that a tricarboxylic acid cycle would yield results exactly as the dicarboxylic acid cycle and at present it is impossible to discriminate between these two possibilities or to exclude the possibility that both function simultaneously.
Confirmation of the Synthesis of Fumaric Acid by 2C2 Condensation.
Because the validity of many of our conclusions depends on the absence of any significant mixing of methine-C (methyl-C of ethanol) and carboxyl-C (carbinol-C of ethanol), we have re-exatined this matter more carefully since our first published experiments. Three independent methods of degradation have now been used. One was, in essence, the formic acid procedure described in our previous paper; this determines specific activity of methine carbons of fumaric acid. A specimen of fumaric acid originating from carbinol-labeled ethanol, and having a specific activity of 0. 1 Thus, the mixing of carboxyl-carbon at 0.037 X 10'1s 1 most could be 1 part in 783, an insignificant amount. In fact, the steam distillate contained some very small amount of volatile radioactivity which did not follow the formic acid Duclaux curve, and in all probability even the minute activity recorded as formate was due to an impurity and not to formic acid itself.
The second method of degradation consists of measuring the CO2 from decarboxylation of malate obtained from the above fumaric acid of specific activity 0.30. The specific activity of this CO2 was 0.62. Theory = 0.60 (calculated from specific activity of total fumaric acid, which was 0.30, as noted above the methine-C in this fumaric acid contained no radioactivity).
The third method of degradation (details of which will be given in a fumarase later publication) employs these principles: fumaric acid - (3) in the experimental section suggest a useful method of securing labeled C4 dicarboxylic acids, whose isotopic composition allows the fate of carboxyl-carbons and central-carbons to be followed independently. By using the appropriate methyl-labeled ethanol and the appropriate labeled C02, three different kinds of C4 acids can be produced:
13. 14 13 Summary.-Biosynthesis of fumaric acid by a 2C2 condensation in the mold R. nigricans has been confirmed and extended. It has been demonstrated that CO2 can undergo metabolic exchange with carboxyls of preformed fumaric acid. According to these experiments demonstration in normal tissues of the Wood-Werkman formation of C4 dicarboxylic acids by locating the labeled CO2 in carboxyls of these acids would not constitute unequivocal proof of net synthesis involving carbon dioxide. Evi-
